Abstract The central nervous system (CNS) harbors multiple glial fibrillary acidic protein (GFAP) expressing cell types. In addition to the most abundant cell type of the CNS, the astrocytes, various stem cells and progenitor cells also contain GFAP? populations. Here, in order to distinguish between two types of GFAP expressing cells with or without the expression of the A2B5 antigens, we performed lipidomic analyses on
Introduction
The nervous tissue is composed of neurons, which transmit impulses, and glial cells (i.e., astrocytes, oligodendrocytes, and microglia derived from circulation), which provide trophic support and protection for neurons. Recently, astrocytes were found to be responsible for a wide variety of essential functions in the central nervous system (CNS), including regulation of neurogenesis, synaptogenesis, and development of the neural circuit [1] [2] [3] [4] . On the other hand, during early stages of neurodegenerative disorders of the CNS, activated astrocytes may participate in limiting tissue injury, reducing inflammation, and taking part in reestablishing the blood-brain barrier. At later stages, however, astrocytes may delay CNS recovery since they have been suggested to contribute to inhibition of axonal regeneration [1] [2] [3] [4] .
A2B5 antigens, including the c-series gangliosides such as GT3, GT1c and GQ1c, are well known markers for immature progenitor cells in the nervous system [5] [6] [7] [8] . These c-series gangliosides are phylogenetically conserved and developmentally regulated, and are most abundant in the brain of lower vertebrates, such as fish, and the brain of mammalian embryos. In adult zebrafish brain, c-series gangliosides comprise up to 70 % of the total gangliosides [9] . Accordingly, damaged zebrafish brain have high regeneration capacity and the brain is rich in A2B5? cells [10] . In proliferating neural stem cells of mammals, ST-III, an enzyme for the synthesis for c-series gangliosides (A2B5 antigens), is highly expressed [11] . In maturing mammalian brain, the concentration of c-series gangliosides decreases drastically [12] [13] [14] [15] , and this decrease in the synthesis of c-series gangliosides is compensated by a pathway shift in favor of the accretion of a-and b-series gangliosides [15] [16] [17] . Glial restricted precursors (GRPs) are experimentally characterized based on their expression of A2B5 antigens [18] , but it is still uncertain whether GRPs indeed exist in vivo. Thus additional chemical analyses to characterize these cells beyond those known cell surface marker molecules are needed. The present study focuses on phospholipids (PLs), sphingolipids (SLs) and fatty acids (FAs) that play a significant role in participating in signaling of neural cells [19] .
The interleukin (IL)-6 family of cytokines, such as the leukemia-inhibitory factor (LIF) and the ciliary neurotropic factor (CNTF), have been functionally implicated in astrocytic differentiation [20] . Both cytokines share common signaling platforms, i.e., the membrane glycoprotein 130 (gp130) and the LIF receptor (LIFR) [21] . Astrocytic differentiation is also regulated by another group of cytokines, i.e., the bone morphogenetic proteins (BMPs) that are members of the transforming growth factor b (TGFb) pathway, and can thereby induce differentiation and development of astrocytes [22, 23] . The BMP pathway is mediated by heterotetrameric serine/threonine kinase receptors and their downstream transcription factors Smads.
Our knowledge on the role of lipids in modulating cytokine-induced responses in stem cell differentiation is still fragmentary. Since most growth factor receptors are localized on the plasma membrane, it is reasonable to assume that they interact with membrane lipids in a specific manner. The SL and cholesterol-enriched plasma membrane microdomains (lipid rafts) with specific protein and lipid composition are thought to be important for the regulation of many biological and pathological processes [24] [25] [26] . First, membrane microdomains may be required for these signaling pathways since destabilizing lipid rafts by removal of membrane cholesterol was reported to attenuate LIF-induced phosphorylation of STAT3 and Akt in murine embryonic stem cells [27] . In addition, lipid rafts were found to contribute to activation of Ras-MAPK pathway and proper adhesion properties of murine neuroepithelial cells [28] . Second, prostaglandin E2 (PGE2) secretion is IL-6-dependent and regulates differentiation of embryonic stem cells through BMP/Smad signaling [29, 30] . Since the precursor for PGE2 production, arachidonic acid (20:4n-6), is released from membrane PLs, the availability of this specific polyunsaturated fatty acid (PUFA) for cellular phospholipases likely modulates this signaling. In addition, many more lipid-mediated effects are possible, and may originate either from membrane structural changes or alterations in producing specific signaling lipids. Therefore cellular lipid composition, as revealed in this study, can be considered as an important mediator of these lipid signaling.
LIF signaling has been reported to produce GFAP? progenitor cells, while BMP signaling promotes GFAP? mature astrocytes [31] . Even though astrocytes represent the largest cell population in CNS [32] , the lipidomes of GRPs and GFAP? cells derived thereof are not known. Recently lipidomic profiling of PLs has been successfully used for defining subpopulations in breast cancer cells [33] . Showing great promise as tools for regenerative medicine, transplanted astrocytes derived from GRPs were found to promote recovery from neurodegenerative disorders in animal models [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . However, the lipid profiles of isolated GRPs and possible lipidomic changes upon their differentiation have not been studied in detail. Novel lipid markers for distinct astrocyte subpopulations should provide a useful tool for selecting cells with proper functionality for neurodegenerative therapy purposes. We analyzed the lipid profiles of GRPs (A2B5?/GFAP-) isolated from the spinal cord of E13.5 rat embryos. Differentiation of GRPs to GFAP? cells was induced using either LIF or BMP, and the subsequent alterations in the profiles of PLs, simple SLs and FAs were determined. Interestingly, we found that PL species profiles of BMP-induced A2B5-/ GFAP? astrocytes were distinct from GRPs and LIFstimulated A2B5?/GFAP? cells. Our lipidomic analyses suggest that A2B5?/GFAP? cells (i.e., type 2 astrocytes) express a lipid profile more similar to that of immature cells than that of A2B5-/GFAP? astrocytes (i.e., type 1 astrocytes). Furthermore, it may be common for progenitor cells to maintain specific lipid composition that does not provide high levels of precursors for lipid mediators that would drive cell differentiation.
Experimental Procedure Glial Progenitors and Differentiation
GRPs were isolated from E13.5 rat spinal cord as cells being positive for the glial progenitor marker, A2B5, and negative for the neuronal progenitor marker, polysialic acid-neural cell adhesion molecule (PSA-NCAM) [46] . Neuron-restricted precursors were removed by negative selection using anti-PSA-NCAM microbeads (Milteny Biotec, Bergisch-Gladbach, Germany) on a magnetic sorting device (MACS, Milteny Biotec), and then the A2B5? cells were obtained using anti-A2B5 microbeads (Milteny Biotec). The isolated GRPs were plated on dishes or coverslips that had been coated with poly-D-lysine (Sigma-Aldrich, St. Louis, MO) and laminin (BD Biosciences, San Jose, CA) and cultured in DMEM/F12 medium (Invitrogen, Carlsbad, CA) supplemented with B27 (Invitrogen), N2 (Invitrogen), 1 mg/ml of BSA (Sigma-Aldrich), and 20 ng/ml of basic fibroblast growth factor-2 (FGF-2) (Peprotech, Rocky Hill, NJ). GRPs have successfully been induced into GFAP? cells [35, 39, [46] [47] [48] . In this study, GRPs were treated with LIF (SigmaAldrich) for 5 days to obtain A2B5?/GFAP? cells or with BMP-2 (Peprotech) for 5 days to obtain A2B5-/GFAP? astrocytes. The use of experimental animals was approved by the Institutional Animal Care and Use Committee at the University of Helsinki.
Immunocytochemistry
Cells were fixed in 4 % paraformaldehyde for 20 min at room temperature, washed three times with PBS, permeabilized for 3 min in PBS containing 0.1 % Triton, and blocked with 5 % goat serum and 1 % BSA for 30 min. The treated cells were then incubated with antibodies overnight in a chamber with a humid atmosphere at 4°C. The primary antibodies used were an anti-A2B5 mouse antibody (Milteny Biotec) and an anti-GFAP rabbit antibody (Dako, Glostrup, Denmark). After incubation with the primary antibodies, the cells were washed three times with PBS and incubated with Alexa 488 anti-mouse or Alexa 543 anti-rabbit antibodies (Invitrogen) for 2 h in the dark, washed and then incubated with 4,6-diamidino-2-phenylindole (DAPI, Invitrogen) for 5 min to stain the nuclei. Confocal images were acquired with an LSM 510 Meta microscope (Carl Zeiss GmbH, Jena, Germany).
Lipid Analysis by Mass Spectrometry and Gas Chromatography
The total cellular lipids were extracted as described [49] , spiked with internal standards, evaporated to near dryness, and dissolved in chloroform/methanol 1:2 for direct infusion experiments. Several internal standards were used to correct for the effects of the polar head group and acyl chain length on the instrument response [50] [51] [52] [53] [54] . Just prior to analysis, 1 % NH 4 OH was added and the lipid extract was infused to the electrospray source of a Quattro Micro triple quadrupole mass spectrometer (Micromass, Manchester, UK) at the flow rate of 8 ll/min. The collision energy of the instrument was set to 25-65 eV either in the negative or positive ion mode. Argon was used as the collision gas and different lipid species were selectively detected based on specific precursor ions or neutral loss MS/MS scanning modes [55, 56] . The acyl chain compositions of the major lipid species were determined by product ion analysis. The mass spectra were processed using the MassLynx software (Micromass, Manchester, UK) and the individual lipid species were quantified using appropriate internal standards with the LIMSA software [57] . The species abbreviation was as follows: [total carbon number in the chains]:[total number of double bonds in the chains]. The concentrations of the lipid classes were obtained by summing the concentrations of the individual molecular species in the class.
The lipid FA residues were determined as methyl ester derivatives by gas chromatography [58] 
Statistical Analysis
Data are expressed as the mean ± SE of the mean (SEM) calculated from three independent experiments. The statistical significance of compositional differences was determined using one-way ANOVA followed by Tukey's post hoc multiple comparison test, unpaired two-tailed Student's t test, or by multivariate principal component analysis (PCA) [59] . Prior to PCA, the molar percentages were logarithmically transformed to prevent the abundant components (with a larger variance) from dominating the analysis. In PCA the samples originally positioned in multidimensional space (as many coordinates as chemical components analyzed) were plotted in a newly formed twocoordinate system of principal components, PC1 and PC2. The PC1 accounted for as much of the original data variability as possible and the PC2 explained as much as possible of the remaining variation uncorrelated with the variation already explained by PC1. To quantify the compositional differences between the samples from different experimental groups (described by a PCA biplot), spacefilling models were created for two of the groups at a time and the distances of the samples to these two models were computed using soft independent modeling of class analogies (SIMCA). Statistically significant difference at a given P-value necessitates that none of the samples is classified as belonging to both of the group models. In all statistics employed, a P value \0.05 was regarded as significant. The multivariate computations were performed using the SIRIUS 8.5 program package (Pattern Recognition Systems, Bergen, Norway).
Results

Astrocyte Differentiation from Glial Restricted Precursors
GRPs can be recognized in vitro based on the expression of A2B5 in neural epithelial cells [18] . LIF signaling has been reported to produce GFAP? progenitor cells, while BMP signaling promotes GFAP? mature astrocytes [31] . First, we isolated A2B5 positive and PSA-NCAM negative GRPs from the spinal cord of rat embryos (Fig. 1a, A2B5 ?/ GFAP-progenitors). Then we treated GRPs with LIF for 5 days. Immunocytochemical analysis demonstrated that all LIF-stimulated cells were A2B5?/GFAP? expressing cells (Fig. 1b) . Alternatively, we exposed these cells with BMP for 5 days. Immunocytochemical experiments confirmed that the expression of A2B5 disappeared in all BMP-induced A2B5-/GFAP? astrocytes (Fig. 1c) . The GRPs (A2B5?/GFAP-progenitors), LIF-stimulated A2B5?/GFAP? cells, and BMP-induced A2B5-/GFAP? astrocytes were analyzed for lipid profiles as described below.
Lipid Class Composition
At the level of lipid classes, the total proportion of diacyl phosphatidylcholine (hereafter PC) decreased and ether phospholipids (alkyl-acyl phosphatidylcholine, PCa and alkenyl-acyl phosphatidylethanolamine, PEp), and sphingomyelin (SM) showed a tendency to increase from GRPs to the differentiated cells (Fig. 2a, c) . Multivariate statistical analysis PCA showed that the LIF-stimulated A2B5?/ GFAP? cells had a lipid class composition more similar to that of GRPs rather than BMP-induced A2B5-/GFAP? astrocytes (Fig. 2c) . The compositional differences were quantified by SIMCA, which confirmed that the BMP-induced A2B5-/GFAP? astrocytes had a lipid composition significantly different from that of the GRPs and LIFstimulated A2B5?/GFAP? cells. However, the latter two had a similar lipid composition (Fig. 2d) . Thus, for further univariate statistical analysis (Student's t test, with the P \ 0.05 criterion) the lipid class data of GRPs and LIFstimulated A2B5?/GFAP? cells (GRP-LIF) were combined and compared with those for BMP-induced A2B5-/ GFAP? astrocytes (GRP-LIF vs. BMP). The relative amount of PC?PCa was significantly reduced from GRP-LIF (51.53 ± 0.68 mol %) to BMP-induced A2B5-/ GFAP? astrocytes (46.63 ± 1.90 mol%). Particularly, the relative amount of PC was significantly reduced from GRP-LIF (45.42 ± 1.04 mol%) to BMP-induced A2B5-/ GFAP? astrocytes (38.87 ± 2.98 mol%). In parallel, the total proportions of PCa and PEp classes were slightly elevated, and phosphatidylserine (PS) increased by 2-fold from GRP-LIF (2.61 ± 0.41 mol%) to BMP-induced A2B5-/GFAP? astrocytes (4.07 ± 0.30 mol%; P = 0.054). In addition, the SM/(PC?PCa) ratio was significantly elevated from GRP-LIF (0.13 ± 0.01) to BMPinduced A2B5-/GFAP? astrocytes (0.20 ± 0.03). SM, ceramide (Cer) and glucosylceramide (GlcCer) were combined as SL. The level of SL was significantly elevated from GRP-LIF to BMP-induced A2B5-/GFAP? astrocytes, also seen as elevated SL/(PC?PCa) ratio (0.14 ± 0.01 vs. 0.21 ± 0.03, respectively). In addition, the lysophosphatidylcholine (LysoPC) content of the LIFstimulated A2B5?/GFAP? cells was significantly higher than the totals of the other cells (one-way ANOVA followed by Newman-Keuls test of means, P \ 0.05) (Fig. 2b) .
PC and PCa Molecular Species Profiles
Typical MS spectra for the choline lipids (i.e., PC, PCa, LysoPC and SM) are presented in Fig. 3 (panels a, b) . The quantitative changes of PC and PCa species and multivariate comparison of the PC?PCa composition are shown in Fig. 3c -e, and identification of the acyl chains and univariate statistics are shown in Table 1 . BMP-induced A2B5-/GFAP? astrocytes contained elevated levels of PC 32:0, 36:4 and 38:4, while the levels of monounsaturated 32:1 and 36:1 were decreased (Fig. 3c, e) . The 20:4n-6 containing PC species (36:4?38:4) were significantly elevated from GRP-LIF (9.56 ± 0.96 mol%) to BMP-induced A2B5-/GFAP? astrocytes (13.40 ± 0.44 mol%) (t test, astrocytes (Fig. 3d , Table 1 ). The PCA confirmed that in the BMP-induced A2B5-/GFAP? astrocytes highly unsaturated PC and PCa species dominated at the expense of the di-unsaturated species (i.e., mainly species with two monounsaturated acyl chains) (Fig. 3e) . The PC?PCa compositions in the LIF-and BMP-induced A2B5-/ GFAP? astrocytes were significantly different (SIMCA).
When the PC and PCa species were grouped based on their degree of unsaturation, the diunsaturated species were significantly decreased from GRP-LIF (19.82 ± 0.68 mol%) to BMP-induced A2B5-/GFAP? astrocytes (15.99 ± 1.19 mol%) (Fig. 3f) , while the polyunsaturated species were increased from GRP-LIF (28.75 ± 1.88 mol%) to BMP-induced A2B5-/GFAP? astrocytes (33.93 ± 0.9 mol%; P = 0.108).
PE Species
The PEp class was increased from GRP to LIF-stimulated A2B5?/GFAP? cells and BMP-induced A2B5-/GFAP? astrocytes (Fig. 2a) . A typical MS spectrum for phosphatidylethanolamine diacyl species (hereafter PE) is Fig. 4b-d , and the identified acyl chains and univariate statistics in Table 2 . PE species (36:1 and 40:4) were significantly elevated from GRP-LIF to BMPinduced A2B5-/GFAP? astrocytes, while the 34:2, 36:3 and 38:6 were significantly decreased in parallel ( Fig. 4b ; Table 2 ). Among PEp molecular species, the 36:3p species was significantly decreased and 36:4p significantly increased from GRP-LIF to BMP-induced A2B5-/ GFAP? astrocytes ( Fig. 4c ; Table 2 ). The PCA confirmed the trend of BMP-induced A2B5-/GFAP? astrocytes having more polyunsaturated species with 4-5 double bonds (total) and less with 2-3 double bonds in their acyl chains (Fig. 4d) 
PS and PI Species
The most abundant PS species of the studied cells was 36:1 (43-47 mol%) followed by two polyunsaturated species 38:3 and 38:4, both exceeding 10 mol% (Fig. 5a ). The Fig. 5b ). The species compositions of PS and PI showed only slight changes from GRPs to LIFstimulated A2B5?/GFAP? cells or BMP-induced A2B5-/ GFAP? astrocytes ( Fig. 5a, b ; Table 3 ).
LysoPC, SM, Ceramide, Glucosylceramide Molecular Species and Fatty Acyl Residues
The main LysoPC species in the studied cells were 16:0 (33-38 mol%) and 18:1 (25-30 mol%). In SM, the species, 16:0 (25-28 mol%), 24:1 (23-25 mol%) 18:0 (11-16 mol%), and 22:0 (9-16 mol%) were the most abundant. In Cer of LIF-stimulated A2B5?/ GFAP? cells, the content of the 24:0 species was significantly higher and that of 16:0 lower compared to the combined values of GPRs and BMP-induced A2B5-/GFAP? astrocytes (Fig. 5e , detailed data of all the minor lipids are shown in Fig. 5 ; Table 4 ). Molar proportions of the most abundant acyl residues (including alkenyl chains) of the total lipids are shown in Table 5 . 
Discussion
We found that the lipid profiles of GRPs were altered upon astrocytic lineage differentiation induced by LIF or BMP. This work is also the first report showing that LIF-stimulated A2B5?/GFAP? cells have a lipid composition more similar to GRPs than to BMP-induced A2B5-/GFAP? astrocytes (Figs. 2c, 3e, 4d ). The PC content was significantly reduced from GRP-LIF to BMP-induced A2B5-/ GFAP? astrocytes and SM and other simple SLs analyzed increased their proportions in parallel. Also ether PLs were elevated upon induced astrocytic lineage differentiation. Statistical significance was determined using one-way ANOVA followed by Tukey's post hoc multiple comparison test or comparing combined groups of GRPs and LIF-stimulated A2B5?/GFAP? with BMP-induced A2B5-/GFAP? astrocytes by unpaired two-tailed Student's t test. Data are from 3 independent experiments. sn-1 Ether linkage of plasmalogen (alkenyl chain) is indicated with the letter p (e.g. 18:1p/16:0)
Previously rat cerebellar granule cells were reported to have plasma membrane microdomains enriched with SLs [60] . PEp have been found to be abundant in lipid rafts [61] . Thus, the increase of SLs and PEp could indicate enhanced formation of lipid rafts in BMP-induced A2B5-/ GFAP? astrocytes. [62, 63] . Apparently, the capacity of such signaling pathway is enhanced during the differentiation process. 20:4n-6 has been reported to promote neuronal differentiation and astrocytic differentiation of neural stem cells [64] . Recently, 20:4n-6-containing PC and PE were also identified as markers of the loss of stemness characteristics (e.g., capacity for immunosuppression) in human bone-marrow derived mesenchymal stem cells [53] .
Ceramide synthase 2 (CERS2) has been reported to specifically produce ceramide with very long FA residues (C22-C24) [65] . Ceramides appear to be essential for neuronal development and 24:0 and 24:1 ceramides and more complex SLs produced thereof are especially important for the synthesis of myelin by oligodendrocytes [21] . LIF and CNTF promote generation, survival, and maturation of oligodendrocytes [66, 67] , whereas BMP suppresses oligodendrocyte differentiation [68, 69] . In line with this, CERS2 deficient mice have defective myelin sheaths due to the reduced levels of ceramides with a long FA residue [70] . In the current study, Cer 24:0 was elevated in LIF-stimulated progenitor cells (Fig. 5e) . The increase level of ceramides with very long fatty acyl moiety suggests that LIF-stimulated progenitor cells are likely to have the potential to differentiate into oligodendrocytes that are responsible for the production of CNS myelin. BMP or LIF signaling can promote differentiation into GFAP immunoreactive cells [20, 71, 72] . GRPs and both BMP and CNTF-induced GRP differentiated cells have been transplanted into a variety of animal models [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . It has been reported that these transplanted GRPs and cell derivatives of them could promote robust axonal regeneration and functional recovery. Bonaguidi et al. [31] reported that LIF and BMP signaling induce differentiation of neural stem cells into different types of GFAP? cells. BMP-induced A2B5-/GFAP? astrocytes have strong GFAP expression, stellate morphology and can exit the cell cycle. On the other hand, LIF-stimulated A2B5?/GFAP? cells have a lesser GFAP immunoreactivity, do not possess stellate morphology, and do not exit the cell cycle. LIFstimulated A2B5?/GFAP? cells express Lewis-X carbohydrate antigenic epitope, Sox 1 and vimentin, and are capable of neurosphere formation and neuronal generation. In contrast, BMP-induced A2B5-/GFAP? astrocytes lack these phenotypes of LIF-stimulated A2B5?/GFAP? cells [31] . Our present data, together with those from other investigators, suggest that LIF-stimulated A2B5?/GFAP? cells are more similar in lipid profiles as well as in cellular characteristics to stem/progenitor cells than mature astrocytes.
Two types of GFAP immunoreactive astrocytes have been described in CNS [7] . Type 1 astrocytes have been identified as GFAP?/A2B5-whereas type 2 astrocytes are GFAP?/A2B5?. GRPs can generate both types of type 2 astrocytes. A subpopulation of type 2 astrocytes has been reported to be multipotent, and these cells share common properties as neural stem cells [73] . The present study establishes the lipidomic profiles characteristic of two different GFAP? cells derived from GRPs of rat spinal cord and it also shows that LIF-stimulated A2B5?/GFAP? cells have the lipid composition more similar to GRP than BMP-induced A2B5-/GFAP? astrocytes. The different contents of specific SLs and ether or diacyl PL species containing 20:4n-6 likely indicate a functional correlation between the lipidomes and cellular functions. However, additional studies are required to establish such correlations, the underlying mechanisms and their relevance in vivo. A tempting view is that different progenitor cells share certain common lipidomic characteristics. For this reason, we predict that the lipid profiles could be used to study the spatial distributions and functions of different astrocyte and progenitor populations in different parts of CNS at different developmental stages and/or in pathogenic mechanism of CNS diseases, e.g., by monitoring these lipids in cryosections of nervous tissue using time-offlight secondary ion mass spectrometry (TOF-SIMS) [74] . Further systematic studies focusing on the functional roles of the lipid composition and specific lipids in progenitor cells and in differentiated cells are needed to advance our knowledge of stem cell biology. SFA Saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids, DMA dimethylacetal, derivative of alkenyl chain. The values represent average of two independent experiments (n = 2)
